
Antisymmetric Exchange in Triangular Tricopper(II) Complexes:
Correlation among Structural, Magnetic, and Electron Paramagnetic
Resonance Parameters
Sacramento Ferrer,*,† Francesc Lloret,*,‡ Emilio Pardo,‡ Juan Modesto Clemente-Juan,‡
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ABSTRACT: Two new trinuclear copper(II) complexes,
[Cu3(μ3-OH)(daat)(Hdat)2(ClO4)2(H2O)3](ClO4)2·2H2O
(1) and [Cu3(μ3-OH)(aaat)3(H2O)3](ClO4)2·3H2O (2) (daat =
3,5-diacetylamino-1,2,4-triazolate, Hdat = 3,5-diamino-1,2,4-
triazole, and aaat = 3-acetylamino-5-amino-1,2,4-triazolate),
have been prepared from 1,2,4-triazole derivatives and
structurally characterized by X-ray crystallography. The
structures of 1 and 2 consist of cationic trinuclear copper(II)
complexes with a Cu3OH core held by three N,N-triazole
bridges between each pair of copper(II) atoms. The copper
atoms are five-coordinate with distorted square-pyramidal
geometries. The magnetic properties of 1 and 2 and those of
five other related 1,2,4-triazolato tricopper(II) complexes with the same triangular structure (3−7) (whose crystal structures were
already reported) have been investigated in the temperature range of 1.9−300 K. The formulas of 3−7 are [Cu3(μ3-
OH)(aaat)3(H2O)3](NO3)2·H2O (3), {[Cu3(μ3-OH)(aat)3(μ3-SO4)]·6H2O}n (4), and [Cu3(μ3-OH)(aat)3A(H2O)2]A·xH2O
[A = NO3

− (5), CF3SO3
− (6), or ClO4

− (7); x = 0 or 2] (aat =3-acetylamino-1,2,4-triazolate). The magnetic and electron
paramagnetic resonance (EPR) data have been analyzed by using the following isotropic and antisymmetric exchange
Hamiltonian: H = −J[S1S2 + S2S3] − j[S1S3] + G[S1 × S2 + S2 × S3 + S1 × S3]. 1−7 exhibit strong antiferromagnetic coupling
(values for both −J and −j in the range of 210−142 cm−1) and antisymmetric exchange (G varying from to 27 to 36 cm−1). At
low temperatures, their EPR spectra display high-field (g < 2.0) signals indicating that the triangles present symmetry lower than
equilateral and that the antisymmetric exchange is operative. A magneto-structural study showing a lineal correlation between the
Cu−O−Cu angle of the Cu3OH core and the isotropic exchange parameters (J and j) has been conducted. Moreover, a model
based on Moriya’s theory that allows the prediction of the occurrence of antisymmetric exchange in the tricopper(II) triangles,
via analysis of the overlap between the ground and excited states of the local Cu(II) ions, has been proposed. In addition,
analytical expressions for evaluating both the isotropic and antisymmetric exchange parameters from the experimental magnetic
susceptibility data of triangular complexes with local spins (S) of 1/2,

3/2, or
5/2 have been purposely derived. Finally, the

magnetic and EPR results of this work are discussed and compared with those of other tricopper(II) triangles reported in the
literature.

■ INTRODUCTION
Trinuclear copper(II) complexes with trigonal symmetry have
attracted significant interest because of their resemblance to the
active sites of the multicopper oxidases that reduce O2 to
H2O.

1,2 Solomon and co-workers have studied the native
system in addition to other triangular copper(II) complexes as
models, and they clearly show the occurrence of strong
antisymmetric exchange in all of them.3

Although μ3-OH
− and μ3-O

2− ions are the most common
central bridging ligands in these compounds,4 some μ3-Cl,

5

μ3-Br,
5 and μ3-MeO6−8 clusters have been described as well.

The peripheral ligands that hold the M3O core are mainly of
the oxime-oximate (N,O bridge),9,10 Schiff base-containing
derivative (O bridge),11 pyrazole (N,N bridge),5a,12−14 or
triazole (N,N bridge)4,15,16 type; the bridge may also belong to
a macrocycle.17
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These cyclic trinuclear metal complexes are also of interest
for magnetochemists because they can be regarded as
geometrically spin-frustrated systems and offer the opportunity
to test magnetic exchange models.15,18 Geometrically frustrated
antiferromagnetic compounds have attracted much attention
over the past few years because of their preference for adopting
unusual, even striking magnetic ground states that remain
poorly understood.18 Toulouse19 is credited with introducing
the general concept of magnetic frustration, a term applied to
the situation in which a large fraction of magnetic sites in a
lattice is subject to competing or contradictory constraints.
When frustration arises purely from the geometry or topology
of the lattice, then it is termed geometric frustration. The
canonical example is any lattice based on equilateral triangles
(Scheme 1), which depicts the situation for the three nearest-

neighbor spins. The isotropic Hamiltonian for the interaction
between any two spins can be written as the scalar product of
the spin operators (H = −∑i,jJijSiSj); therefore, the energy is
minimized for collinear (parallel or antiparallel) spin align-
ments. When Jij is negative, which favors the antiparallel
(antiferromagnetic) correlation, and Jij is equal for all nearest-
neighbor pairs, it is clear that only two of the three spin
constraints can be satisfied simultaneously for this equilateral
triangle; i.e., the system is geometrically frustrated.
The term “frustration” describes a situation in which the

system cannot simultaneously satisfy all its pairwise exchange
interactions and the resulting ground state can have a large
degeneracy. In order to interpret the magnetic properties of
these frustrated systems it is necessary to go beyond the
framework of the above isotropic exchange model and to
introduce an antisymmetric exchange interaction (ASE).
The exchange interactions for a pair of paramagnetic ions

with spins SA and SB can be described in a general form as Hex =
SAJABSB, where JAB is a matrix that contains the relevant
exchange parameters.20 This matrix can be decomposed into a
scalar, J (−JSASB describing the isotropic exchange and
generally being the dominating term), a vector, DAB (SADABSB
describing the anisotropic exchange), and an antisymmetric
tensor, GAB.

20d The antisymmetric exchange term, which can be
written as GAB[SA × SB], where GAB is an antisymmetric vector
(GAB = −GBA), was introduced phenomenologically
by Dzyaloshinsky to explain the weak ferromagnetism of
α-Fe2O3.

21 The microscopic meaning of GAB was defined by
Moriya.22 Therefore, this operator is usually called Dzyaloshinsky−
Moriya antisymmetric interaction.

The anisotropic term, SADABSB, tends to place the spins
along a given orientation in space.20e The −JSASB term leads to
parallel or antiparallel alignment of SA and SB (depending on
the nature of the magnetic interaction, ferro or antiferromag-
netic), whereas the GAB[SA × SB] term tends to arrange the spins
perpendicular to each other and perpendicular to GAB.

20f,23,24

These competitive interactions between these last two terms
yield a nonalignment of SA and SB (spin canting). The canting
angle, α [expressed as tan α = G/J(6)1/2],25 is in general very
small because of the dominant J parameter compared with G. In
fact, the antisymmetric exchange has been frequently suggested
for magnetically ordered states of extended lattices where it
gives rise to the phenomenon of spin canting (or weak
ferromagnetism).24

Moriya22 formulated rules to determine the direction of GAB
for the different symmetries taking into account the fact that
GAB vanishes when an inversion center is present in the A−B
pair. In trigonal trinuclear complexes, the lack of a center of
inversion allows a non-zero component of the antisymmetric
exchange to be present in the direction normal to the metal
plane. In fact, [CuII3] clusters with an equilateral triangle
geometry, and equal antiferromagnetic Heisenberg exchange
parameters (J12 = J13 = J23 = J) represent the simplest case of
the spin-frustrated clusters and are the best candidates for the
experimental observation of the Dzialoshinsky−Moriya ex-
change interaction. However, information about GAB values for
isolated complexes is very scarce.
Tsukerblat and co-workers have studied extensively the

influence of antisymmetric exchange on the electronic proper-
ties of trinuclear complexes,25 and they provided the first
experimental observation of antisymmetric exchange in a
transition metal complex.25b These authors studied the
trinuclear complex [Cu3(μ3-OH)(pyridine-2-aldoxime)3]-
(SO4)·10.5H2O, with a trigonal symmetry, and a value of 6
cm−1 was obtained for G.25b The second example was reported
by some of us some years ago.15 We studied the ASE on two
triangular complexes, [Cu3(μ3-OH)(aaat)3(H2O)3]-
(NO3)2·H2O and {[Cu3(μ3-OH)(aat)3(μ3-SO4)]·6H2O}n, and
we found larger values for the G parameter (G = 28 and 31
cm−1, respectively). The values of the G/J quotients (0.17−
0.19) were significantly larger than those of Moriya’s
estimation22 (G/J ≈ Δg/ge ≈ 0.01−0.02).
More recently, other groups have studied the ASE in other

triangles of Cu(II) and have obtained G values similar to ours.
For example, Liu et al.6 studied the complexes [Cu3Cl(μ3-
OMe)(Mes-Hpz)2(Mes-pz)3]Cl and [Cu3Br(μ3-OMe)(Mes-
Hpz)2(Mes-pz)3]Br [Mes-Hpz = 3,5-(2,4,6-trimethylphenyl)-
pyrazole] and found G values of 33 and 47 cm−1, respectively
(G/J ≈ 0.17 and 0.22, respectively). Solomon and co-workers26

studied the complex [Cu3(μ-OH)3(DBED)3](ClO4)3 (DBED =
N,N′-di-tert-butylethylenediamine) and calculated a G value of
36 cm−1 (G/J ≈ 0.17). These authors explained the micro-
scopic origin of these high values of the ASE parameter (G) from
the large overlap of the d functions of the neighboring Cu(II)
ions in the ground and excited states due to the geometry of the
metal centers. Recently, Afrati et al.8 reported on two more
complexes, [Cu3(μ3-OMe)(PhPyCNO)(Cl)(ClO4)] and
[Cu3(μ3-OH)(PhPyCNO)3(2,4,5-T)2] (PhPyCNO = phenyl-
2-pyridyl ketoxime, and 2,4,5-T = 2,4,5-trichlorophenoxyacetate),
with relatively lower G values [15 and 20 cm−1, respectively
(G/J ≈ 0.02 and 0.05, respectively)].
Other triangular homo- and heterometallic complexes have

also been described: [VIV
3],

27 [CrIII3],
28 [CoII

3],
29

Scheme 1
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[CrIII2Fe
III],30 [FeIII3],

31 [NiII3],
32 and several other systems

with different geometries.33 Recently, Bocǎ and Herchel have
compiled the available information about the ASE parameters
found for polynuclear metal complexes.20f

In this work, we describe the synthesis, X-ray structure, and
magnetic properties of two new cyclic trimeric compounds:
[Cu3(μ3-OH)(daat)(Hdat)2(ClO4)2(H2O)3](ClO4)2·2H2O
(1) (daat = 3,5-diacetylamino-1,2,4-triazolate, and Hdat = 3,5-
diamino-1,2,4-triazole) and [Cu3(μ3-OH)(aaat)3(H2O)3]-
(ClO4)2·3H2O (2) (aaat = 3-acetylamino-5-amino-1,2,4-
triazolate). Previously, some of us reported five trinuclear
Cu(II) complexes of the triangular type: [Cu3(μ3-OH)-
(aaat)3(H2O)3](NO3)2·H2O (3),15 {[Cu3(μ3-OH)(aat)3(μ3-
SO4)]·6H2O}n (4),15 and [Cu3(μ3-OH)(aat)3A(H2O)2]-
A·xH2O [A = NO3

− (5), CF3SO3
− (6), or ClO4

− (7); x = 0
or 2]4 (aat = 3-acetylamino-1,2,4-triazolate). Despite the fact
that their magnetic properties had already been studied, the
ASE was taken into account for only two of them (3 and 4),
and the EPR spectra were only (partially) investigated for tree
of them (5−7). In this respect, we have reinvestigated their
magnetic properties and EPR spectra, and we analyze the
results in this work. These results are discussed and compared
with those found for other triangular tricopper(II) complexes
previously described in the literature.

■ EXPERIMENTAL SECTION
Synthesis of Hdaat. The ligand Hdaat (3,5-diacetylamino-1,2,4-

triazole) was prepared as indicated by van den Bos34 and recrystallized
from boiling water: mp 333 °C (lit.34 327−330 °C); FT-IR (KBr
pellet) υ̃max (cm

−1) 3421 m, 3396 m [υ(N−H)], 1720 s [υ(CO)],
1649 s, 1579 s [υ(CN)/ring stretching vibrations + δ(N−H)]; 1H
NMR (DMSO-d6) δ 2.0 (3H, sb, −CH3), 2.3 (3H, s, −CH3′), 7.5 (2H,
sb, −NHCO−), 10.2 (1H, sb, NHtrz);

13C NMR (DMSO-d6) δ 23.80
(1C, s, −CH3), 23.95 (1C, s, −CH3), 156.42 (2C, s, Ctrz), 171.24 (2C,
s, −CO−). Anal. Calcd for C6H9N5O2 (183.17) (%): C, 39.34; H,
4.95; N, 38.23. Found (%): C, 39.06; H, 4.98; N, 38.24.
Synthesis of [Cu3(μ3-OH)(daat)(Hdat)2(ClO4)2(H2O)3]-

(ClO4)2·2H2O (1). A hot aqueous solution of Cu(ClO4)2·6H2O
(1.48 g, 4 mmol, 8 mL) was mixed with a methanolic solution of
Hdaat (0.36 g, 2 mmol, 20 mL) while being continuously stirred
[Cu(II):Hdaat ratio of 2:1]. The resulting green solution was allowed
to stand in the freezer at 4 °C. After several months, green plate-shaped
crystals of 1 (∼60%) appeared together with a few blue needle-shaped
crystals. Crystals of 1 were isolated on filter paper and the blue needles
manually removed. One of the green plate-shaped crystals was selected
for X-ray measurements. The X-ray analysis revealed that some
molecules of the ligand Hdaat have suffered hydrolysis to give a ternary
Hdat−daat−copper(II) compound (Schemes 2 and 3). The blue

needle-shaped crystals correspond to a dimeric compound {[Cu(daat)-
(ClO4)(CH3OH)]2} (see below). For 1: FT-IR (KBr pellet) υ̃max

(cm−1) 3418 m, 3300 sh [υ(O−H)H2O,CH3OH + υ(N−H)NH,NH2
], 1649 s

[υ(CO)], 1555 m, 1486 m [υ(CN)/ring stretching vibrations +
δ(N−H)NH,NH2

], 1145 sh, 1092 vs [υ3(ClO4)], 976 vw [υ4(ClO4)].
Anal. Calcd for Cu3C10N15Cl4O24H29 (1075.87) (%): C, 11.16; H, 2.72;
N, 19.53. Found (%): C, 10.83; H, 2.81; N, 19.33.
Synthesis of [Cu3(μ3-OH)(aaat)3(H2O)3](ClO4)2·3H2O (2). An

aqueous solution of Cu(ClO4)2·6H2O (0.38 g, 1 mmol, 3 mL) was
mixed with a hot aqueous solution of Hdaat (0.18 g, 1 mmol, 17 mL)

while being continuously stirred [Cu(II):Hdaat ratio of 1:1]. The
resulting green solution was allowed to stand at room temperature.
Within ∼20 days, green prismatic-shaped crystals of 2 (∼70%) were
observed and then manually isolated on filter paper. One of those
crystals was selected for X-ray measurements. The X-ray analysis
reveals that the ligand Hdaat has suffered hydrolysis, forming an aaat−
copper(II) compound (Schemes 2 and 3). For 2: FT-IR (KBr pellet)
υ̃max (cm

−1) 3447 w, 3377 w [υ(O−H)H2O + υ(N−H)NH,NH2
], 1630 s

[υ(CO)], 1604 s, 1508 s, 1471 w [υ(CN)/ring stretching vibrations +
δ(N−H)NH,NH2

], 1150 s, 1112 s, 1083 s [υ3(ClO4)], 984 m [υ4(ClO4)].
Anal. Calcd for Cu3C12N15Cl2O18H31 (935.04) (%): C, 15.42; H, 3.34;
N, 22.47. Found (%): C, 15.64; H, 3.14; N, 22.57.

Physical Techniques. Elemental analyses were performed with a
CE EA 1110 CHNS instrument. Infrared spectra were recorded with a
Mattson Satellite FT-IR spectrophotometer from 4000 to 400 cm−1

using KBr disks. NMR spectra were registered with a DRX 300 Bruker
(300 MHz) device on DMSO-d6 solutions. X-Band EPR spectra of
polycrystalline samples were recorded at different temperatures with a
Bruker ER 200 spectrometer equipped with a helium continuous-flow
cryostat. Magnetic susceptibility measurements on polycrystalline
samples were taken with a Superconducting Quantum Interference
Design (SQUID) magnetometer in the temperature range of 1.9−300
K. Diamagnetic corrections of the constituent atoms were estimated
from Pascal’s constants. Experimental susceptibilities were also corrected
for the temperature-independent paramagnetism [60 × 10−6 cm3 mol−1

per copper(II)] and for the magnetization of the sample holder.
Collection and Refinement of Crystal Structure Data.

Crystallographic data for 1 and 2 are summarized in Table 1.
Throughout the experiment, Mo Kα (1) or Cu Kα (2) radiation was
used with a graphite crystal monochromator on Nonius Kappa-CCD
[λ = 0.71073 Å (1), or λ = 1.54184 Å (2)] single-crystal
diffractometers. Unit cell dimensions were determined from the
angular settings of 7776 (1) and 4634 (2) reflections with θ between
0.998° and 27.485° (1) or between 3.55° and 69.40° (2) and refined
with HKL Denzo and Scalepack.35 Space groups were determined to
be monoclinic P21/c (1) or triclinic P1 ̅ (2), from systematic absences
(1) or from structure determination (2). The crystal−detector
distance was fixed at 27 mm (1) or 29 mm (2), and a total of 119
(1) or 610 (2) images were collected using the oscillation method,
with a scan angle per frame of 1.8° (1) or 2.0° (2) oscillation and a
300 s (1) or 60 s (2) exposure time per image. The data collection
strategy was calculated with Collect.36 Structure 1 was determined by
using SIR97;37 structure 2 was determined using DIRDIF.38 Isotropic
least-squares refinements on F2 were made using SHELXL-97;39

during the final stages of refinements on F2, the positional parameters
and the anisotropic thermal parameters of the non-H atoms were
refined. For 2, O4 was refined isotropically with two alternative
positions with partial occupation factors of 0.696 and 0.304. For 1,
some hydrogen atoms were located by Fourier difference synthesis and

Scheme 2

Scheme 3
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the rest were geometrically placed; for 2, all H atoms were
geometrically placed. Figures 1 and 2, created with ORTEP,40 show

the atomic numbering schemes. Atomic scattering factors were taken
from ref 41. Geometrical calculations were conducted with PARST.42

Crystallographic literature revision was performed with the help of
CSD-Conquest.43 CCDC-853895 (1) and CCDC-853896 (2) contain
the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data
Centre (http://www.ccdc.cam.ac.uk/data_request/cif).

■ RESULTS AND DISCUSSION

Ligands. The 1,2,4-triazoles are versatile ligands.44 The
derivatives Haat (3-acetylamino-1,2,4-triazole), Haaat (3-acetyl-

amino-5-amino-1,2,4-triazole), and Hppt [3-(2-hydroxyphenyl)-
4-(phenyl)-1,2,4-triazole] after being mixed with copper(II) salts,
under appropriate synthesis conditions, afford trinuclear
complexes of the triangular type, i.e., [Cu3(μ3-OH)(aat)3A-
(H2O)2]A·xH2O (A = NO3

−, CF3SO3
−, or ClO4

−; x = 0 or 2),4

{[Cu3(μ3-OH)(aat)3(μ3-SO4)]·6H2O}n,
15 [Cu3(μ3-OH)-

(aaat)3(H2O)3](NO3)2 ·H2O,15 and [Cu3(μ3 -OH)-
(hppt)3(A)2]·xH2O (A = NO3

−, ClO4
−, or CF3SO3

−; x = 2, 3,
or 4).16a This coordination behavior seems to be related to the
presence of one chelating substituent at position 3, through
which the triazole ligand forms six-membered chelating rings
with the metal ion.44a The compounds described in this paper
have been prepared from an analogous ligand, Hdaat (3,5-
diacetylamino-1,2,4-triazole) (Scheme 2), with two chelating
substituents, which usually gives dimeric structures by reaction
with M(II) salts.45 In the two syntheses reported here, however,
the presence of Cu(II) has promoted hydrolysis of one or two
amide groups, resulting in triangular clusters instead (Scheme 3).
In the synthesis of compound 2, [Cu3(μ3-OH)(aaat)3(H2O)3]-
(ClO4)2·3H2O, with a Cu:L ratio of 1:1 (i.e., 1×) and at room
temperature (Scheme 3), the loss of an acetyl group changes
Hdaat into Haaat and, as expected, the isolated compound
compares well with those obtained from initial Haaat. During the
preparation of compound 1 , [Cu3(μ3-OH)(daat)-
(Hdat)2(ClO4)2(H2O)3](ClO4)2·2H2O, in the presence of an
excess of Cu(II) (Cu:L ratio of 2:1, i.e., 2×) and at low
temperatures (Scheme 3), the hydrolysis proceeded further,
producing guanazole (Hdat = 2,5-diamino-1,2,4-triazole) and
giving for the first time in these systems a ternary complex. The
purity of the starting ligand was established by elemental analysis
and NMR study of Hdaat (see above). Synthesis of 2 from Haaat
could be reproduced. Synthesis of 1 from a mixture of Hdaat and
Hdat (guanazole) could not. Copper-induced amide hydrolysis
has previously been described in the literature.46

Crystal Structures of [Cu3(μ3-OH)(daat)(Hdat)2(ClO4)2-
(H2O)3](ClO4)2·2H2O (1) and [Cu3(μ3-OH)(aaat)3(H2O)3]-
(ClO4)2·3H2O (2). The crystal structures of 1 and 2 are built
from trinuclear cations, two noncoordinated perchlorate anions

Table 1. Summary of Crystallographic Data for 1 and 2

1 2

formula C10H29Cu3N15O24Cl4 C12H31Cu3N15O18Cl2
M (g mol−1) 1075.90 935.07
crystal system monoclinic triclinic
space group P21/c P1̅
a (Å) 11.826(5) 11.216(2)
b (Å) 16.272(5) 11.538(2)
c (Å) 18.321(5) 13.696(3)
α (deg) 76.680(11)
β (deg) 92.859(5) 69.074(11)
γ (deg) 88.280(11)
V (Å3) 3521(2) 1608.3(5)
Z 4 2
ρcalc (g cm−3) 2.030 1.931
F(000) 2164 946
(mm−1) 2.211 4.732
T (K) 293(2) 293(2)
Ra [I > 2σ(I)] 0.0566 0.0882
wRb [I > 2σ(I)] 0.1422 0.2290
Sc 1.019 0.966

aR = ∑(|Fo| − |Fc|)/∑|Fo|.
bwR = [∑w(|Fo| − |Fc|)

2/∑w|Fo|
2]1/2. cS =

[∑w(|Fo| − |Fc|)
2/(No − Np)]

1/2.

Figure 1. ORTEP plot of the Cu3 triangle of complex 1 with the atom
numbering scheme (second coordinated perchlorate not shown for the
sake of clarity).

Figure 2. ORTEP plot of the Cu3 triangle of complex 2 with the atom
numbering scheme.
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per cation, and lattice water molecules. The trinuclear cationic
units of 1 and 2 are depicted in Figures 1 and 2, respectively,
together with the numbering scheme.
Both structures show similar triangles of Cu(II) ions,

centered around a triply bridging hydroxo ligand and with
three edge-bridging triazole groups. In 1, the resulting
[Cu3(OH)L2L′] species presents a pseudomirror plane
containing Cu(2) and O(4). For 2, the chiral [Cu3(OH)L3]
unit shows a pseudo-3-fold axis through the O−H bond of the
hydroxo group (hence, crystals of 2 are racemic). The main
difference between 1 and 2 arises from the different chelating
properties of the ligands: 1 contains two nonchelating neutral
Hdat ligands and one double-chelating deprotonated daat
ligand, whereas 2 consists of only one type of ligand, aaat,
monochelating and deprotonated. On the other hand, in the
case of 2, the central OH− anion shares two alternative
positions, namely, O(4) (occupancy factor of 63%) and O(4′)
(occupancy factor of 37%), symmetrically related by the
pseudomirror plane through the three copper atoms, with
deviations of 0.48(1) and −0.33(2) Å for O(4) and O(4′),
respectively. The least populated position, O(4′), has been
removed from the ORTEP plot and from the structural
calculations because both positions exhibit similar geometrical
parameters. In 1, the hydroxo O(4) atom deviates by 0.483(4)
Å from the plane defined by the three copper atoms.
Relevant bond lengths and angles are listed in Table 2. The

intratrimeric Cu···Cu′ distances are in the ranges of 3.31−3.41 Å
(average of 3.36 Å) for 1 and 3.36−3.40 Å (average of 3.38 Å) for
2. In the pyramidal Cu3(μ3-OH) core, the six Cu−O bond
lengths range from 1.96 to 2.04 Å and the average Cu−O−Cu′
angles are 114.3° (1) and 114.5° (2). As for the peripheral {Cu−
N−N}3 ring formed by the N,N-triazole ligands, the Cu−N
distances of 1 and 2 are in the ranges of 1.89−1.96 and 1.90−1.96
Å, respectively. All these parameters are similar to those observed
in related systems.44 Interestingly, within the planar trinuclear unit
of the [Cu3(μ3-O)(trz)3(OH)(H2O)6]n compound,

16k with Cu−
O−Cu′ angles of 120°, the Cu−N and Cu···Cu′ distances are
slightly longer (1.97−2.00 and 3.39 Å, respectively) whereas the
Cu−Ocentral ones are, as expected, shorter (1.96 Å).
The three copper atoms of 1 and 2 [Cu(1), Cu(2), and

Cu(3)] are five-coordinate with square-pyramidal (NNOO′ +
O″) geometries. In all cases, except for Cu(2) in 1, the four
atoms constituting the basal plane are the central O atom from
the hydroxo group, two triazole nitrogen atoms, and one
carbonyl oxygen atom {the average distances being 1.93 Å
(Cu−N) and 2.00 Å [Cu−O(carbonyl)]}. In 1, the fourth
coordination position of Cu(2) is occupied by one water oxygen
atom instead of one carbonyl oxygen atom. The equatorial Cu(2)−
O(2w) bond length (1.97 Å) of 1 is shorter than the Cu−
O(carbonyl) bond lengths. The axial positions are occupied by
two water molecules (bond lengths of 2.32 and 2.44 Å) and one
perchlorate anion (bond length of 2.54 Å) [the three donor
atoms are in cis with respect to the H(OH−) atom] (1) or by
three water molecules (bond lengths of 2.26, 2.38, and 2.46 Å)
(two are trans, and one is cis) (2). The values of the angles are
typical of a tetragonal distortion (Table 2). In 1, the “τ” indexes
of Addison and Reedijk47 for Cu(1) and Cu(3) are close to 0,
which is the value of an ideal square pyramidal complex,
whereas for Cu(2), the value is 0.10, showing that this atom has
a more twisted coordination geometry (Figure S1 of the
Supporting Information).
Another structural feature, potentially relevant for the

magnetic properties, is the coplanarity between the basal planes

of the copper atoms. The following dihedral Cu−Cu′ angles
were found: for 1, 38.2(2)°, 34.9(2)°, and 17.3(3)° (average of
29.9°); for 2, 30.1(3)°, 16.9(2)°, and 6.3(2)° (average of 15.2°)
[if the planes are calculated with O(4′) instead of O(4), the
average value changes to 12.5°]. Compound 2 exhibits the
lowest average dihedral (Cu−Cu′) angle among the series of
Cu3N6(OH) triazole-bridged trinuclear clusters studied so

Table 2. Selected Bond Lengths (angstroms) and Angles
(degrees) for 1 and 2a

1 2

Cu(1)−Cu(2) 3.305(2) 3.361(2)
Cu(1)−Cu(3) 3.410(2) 3.389(2)
Cu(2)−Cu(3) 3.354(2) 3.398(2)
Cu(1)−N(11) 1.927(5) 1.940(8)
Cu(1)−N(22) 1.892(5) 1.903(7)
Cu(1)−O(21) 2.006(5) 1.984(6)
Cu(1)−O(4) 2.009(4) 2.008(9)
Cu(1)−O(1w)/O(1) 2.439(6) 2.46(1)
Cu(2)−N(12) 1.954(5) 1.919(8)
Cu(2)−N(31) 1.963(5) 1.956(8)
Cu(2)−O(2w)/O(11) 1.974(5) 1.993(6)
Cu(2)−O(4) 1.963(4) 2.043(7)
Cu(2)−O(31)/O(2) 2.541(6) 2.262(9)
Cu(3)−N(21) 1.910(5) 1.944(6)
Cu(3)−N(32) 1.948(6) 1.912(7)
Cu(3)−O(22)/O(31) 2.026(4) 2.002(7)
Cu(3)−O(4) 2.020(4) 1.983(9)
Cu(3)−O(3w)/O(3) 2.322(5) 2.379(9)
Cl(3)−O(31) 1.437(6)
Cl(3)−O(32) 1.420(7)
Cl(3)−O(33) 1.387(9)
Cl(3)−O(34) 1.399(8)

Cu(1)−O(4)−Cu(2) 112.6(2) 112.2(4)
Cu(1)−O(4)−Cu(3) 115.7(2) 116.2(5)
Cu(2)−O(4)−Cu(3) 114.7(2) 115.1(5)
N(11)−Cu(1)−O(21) 93.9(2) 96.5(3)
N(22)−Cu(1)−O(21) 86.0(2) 87.5(3)
N(22)−Cu(1)−O(4) 89.3(2) 88.4(4)
N(11)−Cu(1)−O(4) 90.6(2) 86.3(4)
N(11)−Cu(1)−O(1w)/O(1) 98.9(2) 89.2(3)
N(22)−Cu(1)−O(1w)/O(1) 88.0(2) 100.5(3)
O(21)−Cu(1)−O(1w)/O(1) 100.7(2) 84.9(3)
O(4)−Cu(1)−O(1w)/O(1) 81.3(2) 104.3(4)
N(31)−Cu(2)−O(2w)/O(11) 93.1(3) 95.1(3)
N(12)−Cu(2)−O(2w)/O(11) 91.2(2) 87.3(3)
N(12)−Cu(2)−O(4) 89.9(2) 84.9(4)
N(31)−Cu(2)−O(4) 88.8(2) 90.7(4)
N(31)−Cu(2)−O(31)/O(2) 85.9(2) 92.9(4)
O(2w)/O(11)−Cu(2)−O(31)/O(2) 85.7(2) 93.9(3)
N(12)−Cu(2)−O(31)/O(2) 84.9(2) 93.0(4)
O(4)−Cu(2)−O(31)/O(2) 111.0(2) 106.4(4)
N(21)−Cu(3)−O(22)/O(31) 85.1(2) 93.6(3)
N(32)−Cu(3)−O(22)/O(31) 96.4(2) 87.4(3)
N(32)−Cu(3)−O(4) 89.7(2) 89.7(4)
N(21)−Cu(3)−O(4) 88.9(2) 90.2(3)
N(21)−Cu(3)−O(3w)/O(3) 95.8(2) 93.2(4)
O(22)/O(31)−Cu(3)−O(3w)/O(3) 93.5(2) 88.5(3)
N(32)−Cu(3)−O(3w)/O(3) 93.8(2) 97.9(4)
O(4)−Cu(3)−O(3w)/O(3) 85.8(2) 87.0(4)

aThe estimated standard deviations are given in parentheses.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic2020034 | Inorg. Chem. 2012, 51, 985−1001989



far.4,15 In 1, the comparatively large average dihedral angle must
be a consequence of the nonchelation of Cu(2); in 2, the large
degree of coplanarity can be attributed to the presence of water
as an axial ligand instead of bulkier anions, as already observed
in the analogous aaat−nitrate compound,15 and in contrast with
the analogous aat compounds (all with one coordinated anion at
apical positions).4,15

In 1, a second perchlorate anion approaches the three copper
atoms, with contact distances of 2.688(8) Å [Cu(2)−O(41)],
2.827(7) Å [Cu(3)−O(42)], and 2.885(9) Å [Cu(1)−O(41)]
(Figures S1 and S2). Therefore, this perchlorate ligand acts as a
sort of additional bridge between the metallic centers of the
trimeric unit. Arbitrarily, we considered the first interaction as
semicoordinating, and therefore, it has been included in the
coordination sphere of 1. In 2, the three copper atoms also tend
to octahedral coordination through a sixth position achieved
at the following semibonding/long distances: 2.95(2) Å for
Cu(1)−O(2CI) (I: −x, −y, −z + 1), 2.83(2) Å for Cu(2)−
O(2DII) (II: x + 1, y + 1, +z), and 3.07(1) Å for Cu(3)−
O(1AIII) (III: −x + 1, −y + 1, −z + 1), where the O atoms
belong to perchlorate groups (Figure S3).
Neighboring molecules in 1 and 2 interact with each other

through H-bonds only, the tricopper cores in neighboring
molecules being well-separated from each other. The shortest
intertrimeric Cu···Cu′ distances in each structure are 6.196(2)
Å for Cu(1)···Cu(1I), 6.999(3) Å for Cu(1)···Cu(2I), and
7.085(2) Å for Cu(1)···Cu(3II) (I: −x + 1, −y + 1, −z + 1; II: −
x + 1, −y + 1/2, −z + 1/2) for 1 (Figure S2 of the Supporting
Information) and 6.920(2) Å for Cu(1)···Cu(1III), 6.976(2) Å
for Cu(1)···Cu(2IV), and 7.087(2) Å for Cu(1)···Cu(3III) (III:
−x + 1, −y + 1, −z + 2; IV: −x + 2, −y + 1, −z + 1) for 2
(Figure S3).
Magnetic Properties of 1−7. The temperature depend-

ence of the χMT product (χM being the magnetic susceptibility
per trinuclear unit) for complex 1 is shown in Figure 3; those
for complexes 2−7 are depicted in Figures S4−S9. At room
temperature, the values of χMT are in the range of 0.7−0.8 cm3

mol−1 K. These values are appreciably lower than those ex-
pected for three noninteracting S = 1/2 spins (∼1.2 cm3 mol−1 K).
When the samples are cooled, χMT decreases continuously,
reaching a plateau at 0.37−0.40 cm3 mol−1 K between 60 and
90 K before decreasing further at lower temperatures to achieve
values in the range of 0.20−0.25 cm3 mol−1 K. The χMT
values of the observed incipient “plateau” are close to that
expected for an isolated S = 1/2 ground state with a
reasonable g value (χMT ≈ 0.4 cm3 mol−1 K). These curves
clearly indicate that an intratrimer antiferromagnetic coupling is
present. Noteworthy is the fact that the magnetic data for 2−7
are very similar.
To investigate the magnetic behavior of these trinuclear

complexes, we used the isotropic Heisenberg−Dirac−van Vleck
(HDVV) and the antisymmetric exchange (ASE) Hamiltonians.
In this respect, it seems convenient to provide previously a brief
background of their theoretical bases (see below).
Isotropic Exchange Formalism. The isotropic exchange can

be described by the conventional HDVV Hamiltonian for a
triangle of spin doublets (S = 1/2) (eq 1):

̂ = − ̂ ̂ − ̂ ̂ − ̂ ̂H J S S J S S J S Siso 12 1 2 13 1 3 23 2 3 (1)

The corresponding energy levels obtained from this Hamiltonian
for equilateral (J12 = J23 = J13), isosceles (J12 = J23 ≠ J13), and

scalene (J12 ≠ J23 ≠ J13) triangles are shown in Figure 4, where
some notations are introduced (eq 2):48

= + +J J J J( )/3av 12 23 13 (2a)

δ = − = = =J j J J J j Jwhere and12 23 13 (2b)

δ′ = Δ + Δ + Δ

Δ = − Δ = −

Δ = −

J J J J

J J

[( )/8] where

, , and
1

2
2

2
3

2 1/2

1 12 13 2 12 23

3 13 23 (2c)

The energy pattern for the equilateral triangle (C3) includes
two degenerated spin doublets, 2E, as the ground state, and
a spin quadruplet, 4A, which are separated by a 3J/2 gap.
Within the framework of the isotropic HDVV model, the two

Figure 3. (a) Experimental (○) and calculated () χMT curve for 1
(χM being the magnetic susceptibility per trinuclear unit). The inset
displays the χMT curve in the low-temperature region and shows the
linearity expected from eqs 10 and 11. (b) Thermal dependence of
χMT for 1 at different applied fields in the low-temperature region. The
inset shows the magnetization curve at different temperatures for 1.
Solid lines represent theoretical curves (see the text).
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doublets in the 2E state are noninteracting and the degeneracy
is accidental. Thus, the splitting of the two degenerated doublets is
only possible via distortion of the C3 symmetry, which makes
nonequivalent the two (C2) or three (C1) J parameters. So, with
weak symmetry in the presence of antiferromagnetic coupling,
the low-lying spin states are a ground spin doublet (2B), an
excited spin doublet (2A) at δ energy, and an excited quartet
(4A) at 3Jav/2 (see Figure 4). The magnetic susceptibility for
such a situation may be expressed by eq 3:48

χ =
β +

+

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

N g
kT

x kT J kT

x kT J kT4

cosh( /2 ) 5 exp(3 /2 )

cosh( /2 ) exp(3 /2 )M

2 2
av

av (3)

where x = 0 (equilateral), x = δ (isosceles), x = δ′ (scalene) (see
the notations in eq 2), and N, g, β, and k have their usual
meanings. All the tricopper(II) compounds studied here (1−7)
must be considered scalene triangles because the three Cu(II)
ions in each triangle are crystallographically independent.
However, it is important to point out here that for both
isosceles and scalene triangles the relative energies of the three
states depend only on two energy gaps that are functions of δ (or
δ′) and Jav (see Figure 4). Thus, the three interaction parameters
in the scalene case (Jij) cannot be determined unequivocally. In
this sense, we will consider 1−7 as isosceles triangles, and from a
structural point of view, the two closer Cu(II) ions will be treated
as equivalent. That is, J = J12 = J23 ≠ J13 = j, and δ = J − j. In any
case, the more relevant parameters are Jav and δ.
In general, it is commonly observed that, although the crystal

structures of many trinuclear complexes reveal an equilateral
configuration, the interpretation of the magnetic susceptibility
measurements requires the adoption of the isosceles config-
uration, in particular at low temperatures. This observation is
not surprising because the Jahn−Teller effect excludes an
orbitally degenerate ground state: an internal tendency of the
complex for the geometrical distortion to remove the orbital
degeneracy exists. The distortion applies along the e-mode for
the D3h system, and an isosceles configuration arises.5a,49

The magnetic behavior of equilateral, isosceles, or scalene
triangles is predicted to follow a Curie law at low temperatures,
when only the ground-state spin doublet (or degenerated spin
doublets) is thermally populated. Specifically, at low temper-
atures, a plateau at ∼0.4 cm3 mol−1 K in the χMT plot is
expected. That contrasts with the descending curve observed for
1−7. In fact, the experimental χMT curve when T > 90 K can be
reproduced theoretically by using eq 3. The fit for the isosceles
model is better than that of the equilateral one in all complexes

(1−7); however, some correlation among Jav, δ, and the g factor
was observed in all cases; consequently, these parameters could
not be refined unambiguously in this high-temperature region.
To choose the more realistic fit values, it is crucial to have
additional data. The study of the EPR spectra together with the
magnetic susceptibility at low temperature gives precious
information about the magnitude of the δ parameter, allowing
an unambiguous refinement of the experimental data.
As indicated above, the experimental χMT data below 90 K lie

below the values expected for the Curie law, suggesting that
other types of antiferromagnetic interactions are operative. The
inclusion of an additional Weiss-like parameter, θ, which would
account for possible intertrimer magnetic interactions (T
replaced by T − θ in eq 3), yields values of θ too large to be
realistic (values of θ between 10 and 15 K). In light of the X-ray
structure determined at room temperature, intertrimer inter-
actions are not expected to be important because of the
exceedingly long and unfavorable contacts between trimers.
Moreover, a very important feature is that the χMT data at low
temperatures do not extrapolate to zero as the temperature
vanishes, as could be expected for intertrimer antiferromagnetic
interactions; instead, they decrease linearly and tend to a non-
zero value at 0 K (see the inset of Figure 3a and Figures S4a−S9a).
Hence, these large values of θ are meaningless, and the inter-
molecular interactions are not the factor responsible for the
decrease in the χMT values at low temperatures.
The HDVV model serves as a reliable basis for describing

exchange clusters, and it provides a correct overall picture of the
spin states. Despite this fact, serious discrepancies between the
predictions of the theory and experimental data are found in the
low-temperature region, where the structure of individuals spin
levels is important (as is the anisotropy), and therefore, it is
necessary to go beyond the framework of the isotropic HDVV
model.

Nonisotropic Exchange Contributions. In qualitative terms
and from the point of view of group theory analysis of exchange
multiplets,50 the spin quartet (S = 3/2) and the two degenerated
spin doublets (S = 1/2, in the HDVV model for an equilateral
triangle) correspond to the singlet 4A2 and doublet 2E terms,
respectively (assuming the D3h point group) (see Figure 5).
According to Kramer's theorem, the ground orbital degenerate
2E term is split, by spin−orbit interaction in first order
perturbation theory, into two Kramer's doublets, E′ and [A′1 +
A′2] (representations of the double group D′3). In the second-
order perturbation, multiplet 4A2 undergoes further splitting
into Kramer’s doublets. Therefore, this spin−orbit coupling
mixes the different states yielding an anisotropic ground state.
These features can be described as an effective interaction of
the antisymmetric type.25c In principle, the existence of an
antisymmetric exchange may yield (at low temperatures) values
of the magnetic moment smaller than those expected for the
Curie law in the isotropic HDVV model, which does not
account for spin−orbit coupling. Another type of magnetic
exchange that may reduce the magnetic moment of the ground
state is biquadratic exchange,51 but for local Si =

1/2 spins, it is
not operative. Similarly, the asymmetric exchange, SADABSB, is
only operative for S > 1/2 spin states, and subsequently, it
affects only the spin quartet (zero-field splitting into two
Kramer's doublets, as indicated in Figure 5) but not the
ground state spin doublets. In contrast, the antisymmetric
exchange results in the removal of the degeneracy for these
two doublets.

Figure 4. Energy levels for an equilateral, isosceles, and scalene
triangle in the absence of antisymmetric exchange. The different
notations are defined in eq 2 (see the text).
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In summary, the orbitally degenerated ground state (2E) of
the equilateral triangle complex can be further split into two
Kramer's doublets, because of either the geometrically evident
shift toward the weaker C2 symmetry by the Jahn−Teller effect
or the antisymmetric exchange.
Antisymmetric Exchange Interactions. The antisymmetric

exchange Hamiltonian can be described by eq 4:

̂ = ̂ × ̂ + ̂ × ̂

+ ̂ × ̂
H S S S S

S S

G G

G

[ ] [ ]

[ ]
ASE 12 1 2 23 2 3

31 3 1 (4)

where [Sî × Sĵ] and Gij are the vector product and the
antisymmetric vector (Gij = −Gji), respectively. The site
symmetry of the Cu(II)−Cu(II) pair in the triangle implies a
set of Moriya’s conditions22 that determine possible directions
of each vector, Gij. These conditions depend on the overall
symmetry present in the triangular trimer.52 In an equilateral
triangle (D3h), each pair possesses a C2 axis and two symmetry
planes, and according to Moriya, all the Gij vectors have to be
equal and perpendicular to the triangle plane: G12

Z = G23
Z =

G31
Z = GZ. GZ is the only ASE parameter in D3h symmetry

(GX = GY = 0). In D3 symmetry, each pair possesses only a C2
axis, and following Moriya’s theory, the Gij vectors have to be
perpendicular to these C2 axes. Therefore, each Gij vector has
two independent components: G12

Z = G23
Z = G31

Z = GZ, and
G12

X = G23
X = G31

X = GX (GY = 0). For C3v symmetry, each pair
has only one plane, perpendicular to the Cu−Cu bond, and the
Gij vectors must be placed in those planes. Thus, the non-zero
components of Gij are as follows: G12

Z = G23
Z = G31

Z = GZ, and
G12

Y = G23
Y = G31

Y = GY (GX = 0). In C3 symmetry, no
restrictions exist and all the components of Gij are non-zero
(GX ≠ 0, GY ≠ 0, and GZ ≠ 0). In an isosceles triangle (C2 point
group), G12

u = G23
u ≠ G31

u (u being X, Y, or Z), and six
different parameters have to be determined. Finally, in a
scalene triangle, G12

u ≠ G23
u ≠ G31

u and nine independent param-
eters exist.
With all these considerations, it becomes clear that the weak

symmetry yields an enormous overparametrization, in such a
way that the unambiguous determination of these parameters is
not possible because they are highly correlated. Although 1−7

contain scalene triangles, the Cu(II) ions and their structural
parameters are quite similar; thus, we will consider G12

u = G23
u =

G31
u. With this approach, there would only be three parameters,

GZ, GX, and GY. Moreover, in the particular case of complexes
1−7, parameters GX and GY are very small compared to GZ, as
will be shown later, and they can be neglected.
Figure 5 illustrates the energy pattern for an antiferromagnetic

triangular Cu(II) trinuclear complex. The AS exchange acts within
the 2E term derived from the exact Hamiltonian of the system and
gives rise to two doublets. It is important to notice that the
“normal” part of the AS exchange (GZ) operates only within the
basis of two “accidentally” degenerated doublets; meanwhile, two
“in-plane” terms of the Hamiltonian associated with parameters
GX and GY (the notation G⊥

2 = GX
2 + GY

2 has been introduced)
lead only to a mixing of the ground-state spin doublets with
the excited state spin quadruplet, which is separated from
two low-lying spin doublets by the 3Jav/2 energy gap.27b

Therefore, the excited S = 3/2 level shows also a zero-field
splitting, but this splitting (G⊥

2/8Jav) is unaffected by GZ and
represents exclusively a second-order effect.53 For this
reason, the zero-field splitting of the excited quadruplet is
expected to be small.
If the above discussion was taken into account, the study of

the magnetic properties of 1−7 could be conducted by assuming
(a) an isotropic exchange for an isosceles triangle, Hiso (J = J12 = J23,
and j = J13), (b) an axial ASE, HASE (GZ parallel to the C3 axis
and G⊥ = 0), and (c) an axial Hamiltonian for the Zeeman
interaction with g|| (= g1z = g2z = g3z) and g⊥ (= g1x = g2x = g3x =
g1y = g2y = g3y), as indicated in eq 5:

= + +H H H Hiso ASE Zeem (5a)

= − + −H J S S S S jS S( )iso 1 2 2 3 1 3 (5b)

= × + × + ×H G S S S S S S[ ]ZAS 1 2 2 3 3 1 (5c)

= β + +

+ β + +

+ + +
⊥

H g S S S H

g S S S H

S S S H

( )

[( )

( ) ]

Z Z Z Z

X X X X

Y Y Y Y

Zeem 1 2 3

1 2 3

1 2 3 (5d)

In this axial model, both the ASE and Zeeman interactions
do not mix the ground-state spin doublets with the excited state
spin quartet and the energy expressions for the energy levels
can be found by the exact diagonalization of the Hamiltonian
(eq 5).25a

= = ± Δ ± βE S C g H( / , H ) / ( )2
1

3 2
1

(6a)

= ⊥

= ± Δ + β ± β δ⊥ ⊥

E S C

g H g H

( / , H )

/ ( )
2

1
3

2
1 2 2 2 2 1/2

(6b)

= ⊥ = − + β

= = ± ±

E S C J g HM

u z xy M

( / , H or ) 3 /2

( or , and / , / )
u2

3
3 av S

S 2
1

2
3

(6c)

Δ = δ +

= + δ = −

G

J J j J j

where ( 3 ) ,

(2 )/3 , and
z

2 2 1/2

av (6d)

Figure 5. Energy levels for equilateral, isosceles, and scalene triangles
in the presence of both isotropic and antisymmetric exchange. The
different notations are defined in eqs 5 and 6 (see the text).
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In the low-field limit (H ≪ Δ), eq 6b can be reduced to
eq 6e:

= ⊥ = ± Δ ± β δ

+ − δ β Δ
⊥

⊥

E S C g H

g H

( / , H ) / [

(1 ) /2 ]

2
1

3 2
1

2 2 2 2
(6e)

From eqs 6a−6e and van Vleck’s equation, an analytical
expression for the magnetic susceptibility at zero field can be
derived (eq 7):

χ =
β +

+

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

N g

kT

x J kT

x J kT4

cosh( ) 5 exp(3 /2 )

cosh( ) exp(3 /2 )M

2 2
av

av (7a)

χ =
β

ρ + + − ρ
+

⊥ ⊥

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

N g

kT

x J kT x x

x J kT

4

cosh( ) 5 exp(3 /2 ) (1 ) senh( )/

cosh( ) exp(3 /2 )

M

2 2

2
av

2

av (7b)

where x = Δ/2kT and ρ = δ/Δ

χ =
χ + χ⊥2

3M
av M M

(7c)

The magnetic susceptibility of a triangular trimer of spin
doublets (S = 1/2) is properly described by eq 7. We have
checked this equation by comparing its results with those
calculated through the exact matrix diagonalization (by using
MAGPACK54). The values of magnetic susceptibility calculated
with both procedures were basically the same over the whole
temperature range.
This equation can be easily generalized for other triangular

trimers of half-integer spins such as the well-known [CrIII3]
and [FeIII3] systems with S = 3/2 and

5/2 local spins, respecti-
vely (the corresponding equations are given in the
Appendix).
The magnetic susceptibility for the ground-state spin

doublets (eq 8) of an equilateral (ρ = 0) or isosceles (ρ ≠
0) triangle can be easily obtained by neglecting the spin-quartet
contribution (i.e., kT ≪ Jav):

χ =
βN g

kT4M

2 2

(8a)

χ =
β ρ

+
β − ρ

Δ
Δ⊥ ⊥ ⊥ ⎜ ⎟⎛

⎝
⎞
⎠

N g

kT

N g

kT4

2 (1 )

2
tanh

2M

2 2 2 2 2 2

(8b)

Some interesting facts deserve to be pointed out. (a) The
parallel susceptibility (χM

∥ ) is not substantially affected
by the ASE and it follows a Curie law. (b) At high tempera-
tures (kT ≫ Δ), χ⊥tends to the limit χM

⊥ → (Nβ2g⊥
2)/(4kT).

This limit is the same for χM
∥ , differing only in the g factor (g⊥

instead of g||). This magnetic behavior is similar to that
expected for the isotropic HDVV model in this high-
temperature region (no magnetic influence of the ASE). (c)
At low fields and low temperatures, however, the perpen-
dicular susceptibility (χM

⊥ ), strongly affected by the ASE,
consists of two parts: a Curie law with an effective g value
(geff

⊥ ) and a temperature-independent paramagnetism term (TIP)
(eqs 8b and 9):

= ρ = δ
Δ

= δ
δ +

⊥
⊥ ⊥ ⊥g g g g

G( 3 )eff 2 2 1/2
(9)

As ρ < 1, then geff
⊥ < 2, so χM

⊥ is less magnetic than expected
from the isotropic HDVV model; this fact is responsible for the
decrease observed in the χMT curves of 1−7 at low
temperatures. Therefore, we can conclude that the ASE induces
anisotropy in the magnetic susceptibility that increases when δ
decreases. In an equilateral triangle (δ = 0), geff

⊥ = 0 (i.e., χM
⊥ is

not magnetic, and the χM
⊥T product vanishes when T

decreases). If δ is very large (δ ≫ G), then ρ → 1, geff
⊥ ≈ g⊥,

and TIP → 0 (i.e., χM
⊥ follows the Curie law as expected for the

isotropic model). This would be the case of linear tricopper(II)
complexes.
It is important to note that, for a powdered sample, the χM

avT
product (eq 7c) at low temperatures (kT ≪ Δ) can be
described by eq 10:

χ =
− ρ
Δ

+
+ ρ⊥ ⊥T

C k
T

C C4 (1 )
3

2

3M
av

2 2

(10)

where C∥ and C⊥ are the Curie constants for the parallel and
perpendicular susceptibility, respectively; C∥ = (Nβ2g∥

2)/(4k),
and C⊥ = (Nβ2g⊥

2)/(4k).
As indicated by eq 10, χM

avT decreases linearly with T. In this
sense, a plot of the experimental values of χM

avT versus T yields a
straight line whose slope (m) and intercept at the origin (b) are
given by eq 11:

=
− ρ
Δ

⊥m
C k4 (1 )

3

2

(11a)

=
+ ρ⊥b

C C2

3

2

(11b)

This type of plot allows the easy calculation of the values of
δ and G. The insets of Figure 3a and Figures S4a−S9a show
the χMT versus T curves at low temperatures and low fields
(H = 0.025 T) for 1−7 and include the corresponding linear
fit parameters. For 1, the fit yields m and b values of 350 ×
10−5 and 0.230 cm3 mol−1 K, respectively. Assuming typical
values for g|| (2.15−2.05) and g⊥ (2.05−2.0) and using eq 11,
we found the following values for 1: δ = 37−41 cm−1, and
G = 29−33 cm−1.
To determine the more relevant magnetic parameters, Jav, δ,

g⊥, g||, and GZ, the thermal dependence of the magnetic
susceptibility was measured in the temperature range of 2−300
K under different applied fields (0.025−5 T); magnetization
measurements as a function of the magnetic field at different
temperatures (2−10 K) were also performed for each
compound (1−7). The results are shown in Figure 3 and
Figures S4−S9 for 1−7, respectively. For each complex, different
sets of measurements were analyzed as a whole (magnetization
and susceptibility measurements at different fields) or separa-
tely through eq 5, with MAGPACK.54 g⊥ was kept constant
(g⊥ = 2.0) in the fitting process. The magnetic susceptibility
measurements at low fields (H ≤ 1000 G) were also analyzed via
eq 7, and the results obtained were the same. The best-fit param-
eters are listed in Table 3. The theoretical curves calculated from
these parameters are depicted as solid lines in the correspond-
ing figures.

EPR Spectra of 1−7. The Zeeman effect on the ground
and low-lying doublet states has been represented in Figure 6
by using eqs 6a and 6e. The dotted lines represent the Zeeman
energy levels for an isosceles (ρ ≠ 0) triangle when the applied

Inorganic Chemistry Article

dx.doi.org/10.1021/ic2020034 | Inorg. Chem. 2012, 51, 985−1001993



field is parallel, while solid lines represent the case when the
field is perpendicular. In the case of a parallel field, no spin−
orbit coupling between the two doublets occurs, the Zeeman
energy levels vary linearly with the applied magnetic field, and
geff > 2, which corresponds to a g|| of the individual Cu(II)
centers of the triangular Cu(II) complex. Alternatively, when
the field is perpendicular, a spin−orbit coupling exists via
antisymmetric exchange, the two doublets are mixed, and the
Zeeman splitting is no longer linearly dependent on the field.
Consequently, the Zeeman splitting is narrowed and yields an
effective g value [geff

⊥ < 2 (see eq 9)].
The Zeeman levels for the case of an equilateral triangle

(ρ = 0) under a perpendicular applied field are plotted
as dashed lines. In this case, the ground and low-lying doublets
do not split and remain degenerate at any perpendicular field
(geff

⊥ = 0). Therefore, no EPR signal can be expected under
these circumstances. Besides, the intradoublet transitions are

forbidden for a strict equilateral triangle.25a,26a,27b Hence, the
occurrence of EPR bands at geff < 2 indicates that the anti-
symmetric exchange is operative together with a symmetry
lower than that of the equilateral triangle.
Figure 7 shows the X-band EPR spectra of powdered samples

of 1−7 recorded at 4.5 K. All these spectra display one band in

the 2500−3500 G field range (geff = 2.26−2.08). This band,
which can be assigned to the parallel component, corresponds
to the average g|| value of the trimer local Cu(II) centers. These
values are typical of dx2−y2 or dxy magnetic orbitals of Cu(II)
ions in an axial symmetry. Compounds 2, 4, and 7 exhibit a
second band at lower fields (4000−7000 G, and geff = 1.44−
1.18) that corresponds to the geff

⊥ value discussed above. In
addition, the other compounds (1, 3, 5, and 6) exhibit another
signal with some fine structure. All these geff < 2 peaks must be
related to the perpendicular components and cannot be
attributed to mononuclear Cu(II) impurities in the samples
because of their inappropriate g values (geff < 2). These features
are probably associated with additional transitions from the
antisymmetrically coupled S = 1/2 spin states, which become

Table 3. Best-Fit Magnetic Parameters (energies in cm−1)
for 1−7

complex −Jav δ G g∥
a

1 177.3 38 31 2.16
2 178.0 42 27 2.11
3 188.7 37 28 2.09
4 175.3 32 29 2.10
5 183.0 30 29 2.10
6 155.0 40 32 2.20
7 195.3 44 36 2.15

ag⊥ was kept fixed at 2.0.

Figure 6. Zeeman effect and effect of the EPR transitions on the
ground and low-lying doublet states with a depiction of the origin of
the low g values (g < 2) observed in triangular tricopper(II) complexes
with antisymmetric exchange (G ≠ 0). Parallel (···) and perpendicular
() orientations relative to the applied magnetic field for an isosceles
triangle (ρ ≠ 0). No splitting occurs in the perpendicular orientation
for an equilateral triangle (−−−) (ρ = 0) (see the text).

Figure 7. X-Band EPR spectra of powdered samples of 1−7 recorded
at 4.5 K. For compound 8, see later and Table 4.
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allowed in more strongly axial or rhombic spin environments
where G12

u ≠ G23
u ≠ G31

u ≠ 0 (u = x, y, or z). Alternatively,
these extra bands could arise from different geometric
configurations or structural inhomogeneities of the triangles
(e.g., from partial loss of solvent). From eq 9, we can deduce
that geff

⊥ is extremely sensitive to the ρ = δ/Δ ratio. A relatively
small variation in δ would lead to a large disparity in the g
values. As discussed above, the δ parameter is expected to
depend on the geometrical characteristics of the clusters. It is
likely that, when the samples are cooled, several geometric
configurations will be trapped, giving rise to slightly different
sets of δ values.28b

Table 4 lists the experimental g values obtained from EPR
spectra together with those calculated from eq 9 by using the δ
and G values determined from magnetic susceptibility and
magnetization measurements. The table indicates that the geff

⊥

values calculated with eq 9 (magnetic susceptibility data)
compare reasonably well with those obtained from EPR spectra,
although in general the calculated ones are lower. This fact has
also been observed in other triangular Cu(II) complexes (see
Table 4).
The EPR spectra of 1−7 are in general broad and un-

informative above 50 K. When the samples are cooled, however,

several features become resolved and the intensity of the bands
increases. Figure S10 shows the EPR spectra of 1−7 as a func-
tion of temperature.

Magnetostructural Correlations. Structural Depend-
ence of the Isotropic Exchange. The more relevant structural
parameters (bond lengths and angles) together with the
exchange parameters for complexes 1−7 are listed in Table 5.
These parameters are defined in Scheme 4. The Cu−N and
Cu−O bond lengths (dCu−N and dCu−O, respectively) are the
mean values for each compound. The β angle is defined by the
average of the most similar Cu(1)−O−Cu(2) and Cu(1)−O−
Cu(3) angles within the triangle, whereas the γ angle refers to
the Cu(2)−O−Cu(3) angle (the most different one). The αav
angle is defined as (2β + γ)/2. Finally, the values of the
exchange parameters are as follows: J = J12 = J13, j = J23, and
Jav = (2J + j)/2. The magnetic interaction between two copper(II)
ions within the triangle is mediated by both the diatomic N,N-
(triazole) and the monatomic O-(hydroxo) bridges. The
structural parameters associated with the triazole bridge are
comparable in the seven compounds. Except for compound 5,
the other six complexes exhibit among them very similar Cu−N
distances (1.92−1.94 Å). Besides, there is no relation between
the variation of these parameters and the variation of those of

Table 4. Experimental Data for Antisymmetric Exchange for Triangular Tricopper(II) Complexes Antiferromagnetically
Coupled (energies in cm−1)

compda −Jav δ G Δ ρ g|| (EPR) g⊥eff (EPR) g⊥eff (calc)
b βeg/βgg

c ref

1 177.3 38 31 66 0.58 2.18 1.45, 1.08 1.16 0.96 d
2 178.0 42 27 63 0.67 2.13 1.37 1.33 1.17 d
3 188.7 37 28 61 0.61 2.12 1.29, 1.16 1.22 1.21 d
4 175.3 32 29 60 0.53 2.12 1.44 1.07 1.38 d
5 183.0 30 29 58 0.51 2.15 1.31, 1.03 1.03 1.07 d
6 155.0 40 32 68 0.59 2.26 1.29, 1.12 1.18 0.80 d
7 195.3 44 36 76 0.58 2.20 1.18 1.16 0.92 d
8 400.0 22 38 69 0.32 2.08 0.58 0.64 1.18 57
A 194.0 24 33 62 0.39 2.21 1.47 0.77 0.81 6
B 210.0 63 47 103 0.61 2.19 1.52 1.22 1.18 6
C 210.0 17.5 36 64.8 0.27 2.32 ≈0 0.54 0.54 26
D 800.0 30 15 39.7 0.76 2.08 1.83 1.51 0.23 8a
E 440.0 40 20 52.9 0.76 2.12 1.80 1.51 0.38 8b
F >400 − − − − 2.22 1.17 − − 10g
G 24.5 − ≈0 − − 2.10 1.98 − ≈0 11d
H 14.9 − ≈0 − − 2.10 1.98 − ≈0 11d
I 25.6 − ≈0 − − 2.18 1.91 − ≈0 11e
J 11.2 − ≈0 − − 2.23 2.03 − ≈0 11e
K 55.0 − ≈0 − − 2.14 1.80 − ≈0 11g
L 56.7 − ≈0 − − 2.15 1.90 − ≈0 11g
M 44.4 − ≈0 − − 2.15 2.0, 1.89 − ≈0 11g
N 89.9 − ≈0 − − 2.21 2.11, 2.01 − ≈0 11g
O 216 − ≈0 − − 2.21 2.06 − ≈0 58
P 300 − 6 25b
Q 75.0 − 5.5 − − 2.16 2.09, 2.02 0.46 59
R 2.9 0.33 0.36 0.5 2.25 2.06 2.11 33c

aA = [Cu3Cl(μ3-OMe)(HL)2L3]Cl; HL = 3,5-(2,4,6-trimethylphenyl)pyrazole. B = [Cu3Br(μ3-OMe)(HL)2L3]Br; HL = 3,5-(2,4,6-trimethylphenyl)-
pyrazole. C = [Cu3(μ-OH)3L3](ClO4)3; L = N,N′-di-tert-butylethylenediamine. D = [Cu3(μ3-OMe)(PhPyCNO)3(Cl)(ClO4)]. E = [Cu3(μ3-
OH)(PhPyCNO)3L2](ClO4)2; L = 2,4,5-trichlorophenoxyacetate. F = [Cu3(μ3-OH)(O2CR)2(py2CNO)3]; R = Me, Phe. G = [Cu3(μ3-
OH)L3](ClO4)2·H2O; HL = 7-(ethylamino)-4-methyl-5-azahept-3-en-2-one. H = [Cu3(μ3-OH)L3](ClO4)2·H2O; HL = 7-(methylamino)-4-methyl-
5-azahept-3-en-2-one. I = [Cu3(μ3-OH)L3](ClO4)2; L = 6-amino-3-methyl-1-phenyl-4-azahex-2-en-1-one. J = [Cu3(μ3-OH)L3](ClO4)2; L = 6-
amino-3,6-dimethyl-1-phenyl-4-azahex-2-en-1-one. K = [Cu3(μ3-OH)L3](NO3)2; L = 8-amino-4-methyl-5-azaoct-3-en-2-one. L = [Cu3(μ3-
OH)L3]I2; L = 7-amino-4-methyl-5-azaoct-3-en-2-one. M = [Cu3(μ3-OH)L3]I2; L = 7-amino-4-methyl-5-azahept-3-en-2-one. N = [Cu3(μ3-
OH)L3][Cu

II3]; L = 8-amino-4-methyl-5-azaoct-3-en-2-one. O = [Cu3(μ2-O2C16H23)6]·1.2C6H12. P = [Cu3(μ3-OH)L3]SO4; L = pyridine-2-
aldoxime. Q = [Cu3L3(μ-Im)3](ClO4)3. R = Na9[Cu3Na3(H2O)9(α-AsW9O33)2].

bCalculated from eq 9. cCalculated from eq 17. dFrom this work.
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exchange coupling. Consequently, it can be assumed that the
triazole group is a rigid bridge and that it mediates a practically
constant magnetic coupling in these triangles. The hydroxo
bridge also presents similar Cu−O distances (1.99−2.02 Å) in
all these compounds, the only exception being compound 5,
and no relation is appreciated between this small variation and
the values of the exchange coupling parameters. The magneto-
structural correlation involves mainly the Cu−O−Cu bridge-
head angle. In this respect, as observed in Table 5, the Jav, J,
and j parameters depend on the α, β, and γ angles, respectively:
the larger the angle, the larger the magnetic coupling. So,
given that β > γ, then J > j, except for compound 6, for which
γ > β and j > J. It is worth noting that the Cu−O−Cu angle is
directly related with the out-of-plane shift of the hydroxo
bridge from the plane defined by the copper atoms: the
larger the shift, the smaller the angles. In fact, for similar
compounds, it has been suggested that the more flattened the
Cu3O(H) bridge (i.e., Cu−O−Cu angles closer to 120°), the
stronger the magnetic interaction.10d A plot of the Cu−O−Cu
angle versus those of the exchange coupling constant is shown
in Figure 8. The best linear fit is expressed by eq 12, where J is
given in cm−1.

= − θ +J 13.65 1383 (12)

Significantly, the value of J varies from positive (ferromag-
netic coupling) to negative (antiferromagnetic coupling) when
θ = 101.3°. Theoretical studies of the triangular [Cu3(μ3-X)
(μ-pz)Cl3] (X = O2−, Cl−, or Br−; pz = pyrazolate) copper(II)
trimers have shown a magnetostructural correlation between
J and the Cu−X−Cu angle, θ. The shift from ferro- to

antiferromagnetic coupling was observed for θ values of 108°
(X = Cl− or Br−) and 112° (X = O2−).55

Although the number of examples presented herein is hardly
sufficient to establish a valid correlation, it may be concluded
that the Cu−O−Cu bridgehead angle is one of the main factors
governing the nature and magnitude of the magnetic coupling
in these triangular tricopper(II) complexes.

Orbital Dependence of the Antisymmetric Exchange. To
understand the magnitude of the antisymmetric exchange
parameter, Gij, it is useful to consider the perturbation theory
model proposed by Moriya.22 In this model, the ASE
interaction between two magnetic centers, a and b, which are
not related by an inversion center, is described as a second-
order perturbation effect produced by a combination of local
spin−orbit coupling and a superexchange interaction involving
the ground states, ga and gb, as well as the excited states, ea and
eb, of the two magnetic centers (eq 13):

= −
λ⟨ | | ⟩

Δ
G

i l
J

4 g e
ab
u ua a

g
e gg

ge

(13)

where λ is the spin−orbit coupling parameter, lu is the orbital
angular momentum operator (u = x, y, or z), and Δg

e is the
energy gap between the ground ga (or gb) state and the excited
ea (or eb) state. The exchange integral Jgg

ge can explicitly be
written as eq 14, where 1 and 2 refer to electrons:

= ⟨ | | ⟩J rg (1)g (2) 1/ e (2)g (1)gg
ge

a b 12 a b (14)

Table 5. Magnetostructural Data for 1−7a

compd −J (cm−1) β (deg) −j (cm−1) γ (deg) −Jav (cm−1) αav (deg) dCu−O (Å) dCu−N (Å)

1 190 115.0 152 112.5 177.3 114.2 1.99 1.94
2 192 115.6 150 112.2 178.0 114.5 2.02 1.93
3 201 116.1 164 114.1 189.0 115.4 1.99 1.93
4 186 114.0 154 113.0 175.3 113.7 2.00 1.93
5 193 115.1 163 113.6 183.6 114.6 1.95 1.98
6 142 111.6 182 114.2 155.0 112.5 2.00 1.94
7 210 116.5 166 113.4 195.3 115.5 2.00 1.92

aThe parameters are defined in Scheme 4. The distances and bond angles are average values.

Scheme 4

Figure 8. Linear correlation between the Cu−O−Cu angle and the
exchange coupling constant. Jij refers to J or j in Table 5, and
Jav = (2J + j)/3. θ refers to β, γ, or αav in Table 5 (see Scheme 4).
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In eqs 13 and 14, it is assumed that ⟨ga|lu|ea⟩ = ⟨gb|lu|eb⟩ and
that ⟨ga(1)gb(2)|r12|ea(2)gb(1)⟩ = ⟨ga(1)gb(2)|r12|ga(2)eb(1)⟩.
Jgg
ge involves the transfer of the electron in the ground ga (or gb)
state of the first magnetic center to the ground state of the
second center; the electron in the ground gb (or ga) state of the
second center is transferred to the excited ea (or eb) state of the
first center (see Scheme 5).

The Jgg
ge superexchange integral is related to the transfer

integrals βgg = ⟨ga∥gb⟩ and βge = ⟨ga∥eb⟩ as Jggge  (βggβge)/U in
the same way that the isotropic superexchange integral Jgg
described by Anderson’s formalism56 is Jgg  (βgg

2/U), where
U is the energy required to transfer an electron from ga to gb,
thus making a polar state. Therefore, Jgg

ge and Jgg can be linked
with the relation Jgg

ge  Jgg(βge/βgg), and eq 13 can be rewritten
as eq 15:

= −
λ⟨ | | ⟩

Δ

β

β
G

i l
J

4 g e
ab
u ua a

g
e gg

ge

gg (15)

Expressions similar to eq 15 can describe each pair of Cu(II)
ions belonging to a tricopper(II) triangular complex (G12

u , G23
u ,

and G31
u ). From the structural data of 1−7, it can be seen that

the magnetic orbital of each Cu(II) center is dx2−y2 (ga = gb =
|x2−y2⟩), which can couple with its excited orbitals dxy, dxz, and
dyz (ea = eb = |xy⟩, |xz⟩, or |yz⟩), via lz, ly, and lx, respectively, as
indicated by eq 16:

⟨ − | | ⟩ =x y l xy i2z
2 2

(16a)

⟨ − | | ⟩ =x y l xz iy
2 2

(16b)

⟨ − | | ⟩ =x y l yz ix
2 2

(16c)

Figure 9 (left) shows the electron transfer between the two
ground states, βgg, as well as (right) between the ground state
and all possible excited states, βge, allowed by spin−orbit
coupling. Because of the quasi-orthogonal dx2−y2/dxz and dx2−y2/
dyz orbital pairs, the corresponding transfer integrals are very
small (βge ≈ 0), so Gab

x ≈ Gab
y ≈ 0. Alternatively, the dx2−y2/dx2−y2

and dx2−y2/dxy orbital pairs form good superexchange pathways
through σ-type bonds facilitated by the O-(hydroxo) bridge
(βgg ≠ 0, and βge ≠ 0), and thus, large Jgg and Gab

z values can be
expected. This analysis justifies the fact that G⊥ was neglected
and only GZ was taken into account in describing and analyzing
the magnetic properties discussed above.

It is noteworthy that Δgz = (2λ⟨x2 − y2|lz|xy⟩
2)/Δx

2−y2
xy

=
8λ/(Δx

2−y2
xy

) and that eq 15 can be rewritten as eq 17, where
Δgz = gz − 2.0023 and Jgg = Jav:

= Δ
β

β
G g Jab

z
z av

ge

gg (17)

Table 4 depicts the most important isotropic and
antisymmetric magnetic parameters assigned to the triangular
tricopper(II) complexes whose antisymmetric exchange has
been reported or discussed. From Table 4 and assuming that
the three Cu(II) ions of each tricopper(II) complex are
structurally equivalent (the same gz value and Jgg = Jav), we can
easily calculate the value for the βge/βgg ratio by using eq 17.
For 1−7, one obtains a βge/βgg value of ≈1, so βge ≈ βgg (or
Jgg
ge ≈ Jgg), as could be predicted from Figure 9. The same
scheme applies for compound 8 and compounds A−F if the
N,N-(triazole) bridge is changed by other bridges. In all these
cases, a large antisymmetric superexchage (Jx2−y2,x2−y2

x2−y2,xy
) is expected.

For compounds G−N, the antisymmetric exchange is
virtually nonoperative in spite of having a relatively important
magnetic coupling (Jav). In these complexes, the μ3-OH group
is the only relevant bridge. Figure 10a shows the integral transfers,
βgg and βge, involved in the ASE. While a good superexchange

Scheme 5

Figure 9. Spin−orbit coupling in a metal pair bridged by a hydroxo
and a triazolato ligand belonging to triangular tricopper(II) complexes
1−7 as indicated by eq 16. Shown is the overlap (or electron transfer,
β) between the two ground states of the two Cu(II) ions (left) and
between the ground state of one Cu(II) and the excited state of the
other (right) permitted by spin−orbit coupling (see the text).
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pathway exists in the dx2−y2/dx2−y2 pair (βgg ≠ 0), the quasi-
orthogonal dx2−y2/dxy pair prevents any effective exchange through
them (βge ≈ 0); thus, Gab

z ≈ 0.
Similarly, compound O presents a large antiferromagnetic

coupling (Jav = −216 cm−1), but no ASE has been seen in either
magnetic susceptibility measurements or EPR spectra. In this
triangular complex, each pair of Cu(II) ions is bridged by two
syn−syn carboxylate groups that allow a very good exchange
through the dx2−y2/dx2−y2 pair but very poor via the dx2−y2/dxy
pair, as shown in Figure 10b.

■ CONCLUSION
Two new trinuclear copper(II) complexes (1 and 2) have been
prepared from 1,2,4-triazole derivatives and structurally
characterized by X-ray crystallography. The magnetic properties
of 1 and 2 as well as those of five other related 1,2,4-triazolato
tricopper(II) complexes of the same triangular type, 3−7,
whose crystal structures were already known, have been
studied. Their magnetic and EPR data have been analyzed by
using an isotropic and antisymmetric exchange Hamiltonian
(H = −J[S1S2 + S2S3] − j[S1S3] + G[S1 × S2 + S2 × S3 + S1 × S3]).
All these compounds exhibit strong antiferromagnetic and
antisymmetric exchange. At low temperatures, their EPR spectra
exhibit signals at high fields (g < 2.0), indicating that the anti-
symmetric exchange is operative together with a symmetry lower
than the equilateral triangle. The magnetostructural study pre-
sented here has shown a lineal correlation between the Cu−O−Cu
angle and the isotropic exchange parameters (J and j). In addition,
a model based on Moriya’s theory for predicting the occurrence

of antisymmetric exchange in the tricopper(II) triangles by ana-
lyzing the overlap between the ground and excited states of the
local Cu(II) ions has been described. Besides, analytical expres-
sions for evaluating both the isotropic and antisymmetric exchange
parameters from the experimental magnetic susceptibility data of
triangular complexes with S = 1/2,

3/2, or
5/2 local spins have

also been developed. Finally, all the trinuclear triangular copper(II)
complexes whose structural and antisymmetric exchange param-
eters have been reported previously have been reviewed here, and
the magnitude of the ASE in these systems has been analyzed and
rationalized.

■ APPENDIX

Magnetic susceptibility for an equilateral (δ = 0) or isosceles
triangle (δ ≠ 0) with S = 3/2 or 5/2 local spins taking into
account both isotropic (eq A1) and axial antisymmetric
exchange (eq A2) (Scheme 6).

Figure 10. Spin−orbit coupling in a pair of copper(II) ions bridged by (a) a hydroxo or (b) two carboxylato ligands belonging to triangular
tricopper(II) complexes G−N and P, respectively (see the text). Shown is the overlap (or electron transfer, β) between the two ground states of the two
Cu(II) ions (left) and between the ground state of one Cu(II) and the excited state of the other (right) permitted by spin−orbit coupling, lz (see the text).

Scheme 6
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where x = [Jav/(2kT)], d = [−(δ/6kT)], and D = [Δ/(2kT)].
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E1 = e3x E2 = e8x E3 = e15x E4 = e24x E5 = e35x E6 = e48x E7 = e63x

E11 = e30d E21 = e55d E31 = e48d E41 = e39d E51 = e28d E61 = e+15d

E12 = e6d E22 = e25d E32 = e18d E42 = e9d E52 = e−2d E62 = e−15d

E13 = e−12d E23 = ed E33 = e−6d E43 = e−15d E53 = e−26d

E14 = e−24d E24 = e−17d E34 = e−24d E44 = e−33d

E25 = e−29d E35 = e−36d

E26 = e−35d
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